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ENGINEERINGMETHODOFRAM-JETHRUSTJIETERMINATIONEASED
ONExFERIMENMLLYOBTAINEDCOMBUSTORPARAMETERS
By H.RudolphDettwylerandMaximeA. Faget
A parameterisintroduced
S-Y
whichsimplifiestheaccountingfor
pressurelossesinram-jetcombustors.Thisparsmeter,calledthe
combustor-forceco fficient,rektestheJetforceandthetotalpres-
sureat thecombustion-chamberentrance.Experimentaldataforseveral
differentcombustorsme presentedforevaluationandcomparison.A
calculationmethodispresentedwhichreducestheram-jethrustequa-
tionto Mnear
tionofproper
considered.
re-tionshipsandleadstoa shortmethodfordetermina-
ram-jetfree-streamtubeareafora particularconibustor
INTRODUCTION
in connectionwithconductingfree-flightperformanceinvestiga-
tionsofran-jetengines,theLangleyAero~uticalLaborato~hascon-
tinuallybeenengagedinperformance&?klysisof remjets.Testdata
obtainedfromflightandpreflightestsforramjetsburningvapor,
liquid,andsolidfuelshavebeenanalyzed.Variousmethodshavebeen
usedtodeterminethelevelofperformanceof theram-jetconibustors.
Earlymethodsinvolvedcalculationsthatwerelongandtediousforthe
data-reductionprocess,aswellas fortheanalysisprocessthatuses
theresultingparametersfordeterminingperformanceat extrapolated
conditionsor formakingnewram-jetdesigns. .
Ithasbeencustomryforsometimetouseairspecificimpulse
as theparsmterto expresstheheat-release,rateintheconibustor.
Theuseof’thisparametereplacedtheuseof conibustionflametempera-
turewhichwasawkwardanddifficultomeasure.
m Anothercombustor,,performsaceparameterispre~entedherein.This
parsmeter,calledthe conikmstor-forcecoefficient,is developedthrough
theuseofone-dimensionalanalysisof thegeneralener~,continuity,*
2andmomentumequationstoexpressthecombustorjetforceasa linear
relationshipwithinternaltotalpressure.Theuseofithisparameter,
whichis easilymeasured,eliminatestheseparatedeterminationf
conibustorfrictionlosses,momentumlossesduetoheataddition,and
theaerodynamiclossesin thecombustorexitnozzle.Inaddition,the
useof thecombustor-forceco fficient,whichisindependentofall
combustorenvironmentalvariablesexceptentranceMachnumber,greatly
reducesthelaborinvolvedinmakingram-jetperformancealculations.
0
.
As a meansforevaluationandcomparisonf thisnewparameter,
experimentalconibustor-forcecoefficientsforsevendifferentunits
testedin severalfacilitiesarepresented.A sampleproblemutilizing
graphicalsolutionsispresentedto showhowtheanalyticalexpression
developedin thispapercanbe utilized.
Theconibustor-forcecoefficientsimplifiestheuseof experimental
datainsolvingforrem-jethrustandinternalpressuresat conditions
otherthanthoseatwhichtestswereperfomed.
—
Theconibustor-force
coefficient,maximumtotal-pressureratio,andmaximumairspecific
impulsedeterminetheoptimumstream-tubeareaof enteringairfor
maximumthrustcoefficient.A simple qpationispresentedwhich
relatestheseparsmetersfora quicksolutionto thematchingproblem.
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DETERMINATIONANDUSEOFCOMBUSTOR-FORCE!
whichalldrag
haveoccurred
CO FFICl13NTcc
of themomentumand
.
losses
l
Thethrust ofa ram-jetengineisa result
pressureforcesactingon thestreamtubesof gasesenteringandleaviu
theengine.Thus,withtheuseof thestationsubscriptsdefinedin -
figure1,
F= P4A4V42- p~v02 +A4(P4- Po) (1)
Thiseqyationw be rewritteninMachnumberterminologyandreduced
to
F = P4A4(1+ 74M42) - A4P()- 7&o~2~ (2)
Thegreatestdifficultyinsolvingforvaluesofrem-jethrustliesin
an accurate,determinationf thequantitiesappearinginthefirstterm
of theequation.Thistermisdefinedas thejetforceG. Thus,
G=p4A4(l+74M42) (3)
and,therefore,
(4)
.—
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. Iftheairspecificimpulseandweightflowofairareknown,the
.
jetforcemaybe ‘&ily det&mined,sinceby
Sa=:
a
A valueforairspecificimpulsemsybe
Sa=S a*t~eo~~@(M)
definition
(5)
obtainedfrom
(6)
where Sa*theoisthetheoreticalvalueof theairspecificimpulse
ina chokingexitfortheparticularfuel-airatioused, qi isthe
impulsefficiency,and #(M) isthecorrectionforincreasedthrust
obtainedby nozzleeqansion.E~ressionsfor Sa*theoand @(M)
arepresentedinappendixA. Valuesof TIimaybe obtainedfrom
experimentalresults,ormaybe basedonpastexperienceswithsimilar
cotiustors.Theuseofvaluesof airspecificimpulseinperformance
computationswas~lained in1947(ref.1)andhasbeengenerally
adoptedas an engineeringmethodof evaluatingthethrust-producing
potentialofvariousfuelsburnedinair. Itisthereforeconsidered
thatno furtherexplanationf thisparameterisrequired.
. The~etthrustG ofa ramjetat anygivenfree-streamcondition
msybe limitedbyeithertheamunt ofheatbeingaddedtotheentering
airorby thepressureavailableat theexitnozzle.Witha fixedmass
. flowenda chokingconditionthejetthrustofa givennozzlemaybe
increasedby increasingthetotaltemperatureandpressureof thegases.
Undertheseconditionsan increaseintemperaturewillbe accompanied
by an increaseinpressureandviceversa.While Sa allowsthethrust
tobe determinedon thebasisofthemassflowof airenteringtheram
jetandtheimpulseavailableperpoundofairaftercotiustion,o
considerationisgivento thepressurelossesthroughouttheengine
andtotalpressureavailablefromthefree-streamconditions.
Whenthediffusertotal-pressurerecovery,thefree-streamtotal
pressure,andthecotiustor-farceco fficientareMown, thejetforce
msybe determinedas follows:
G= CCHIA1 (7)
l A valuefor CC meybe deteminedfromexperimentalresultsormaybe
basedonpastexperienceswithsimilarconibustors.
.
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AppendixB presentsa detailediscussionoftheeo@mstor-force
coefficientanda methodfordeterminingvaluesforthiscoefficient
.
whenvaluesof thecombustorpressurelosses(interms.oftheentrance
-c pressure)areknown.Theselossesarea resultof frictionand .
separation~ossesoftheflameholder,shell,andnozzleandarethe
actualhot lossesandnotthoseassociatedwith‘Icold”conditions.
Theuseof thecombustor-forceco fficientallowsonetoweigh
directlythedifferencesbetweenanyonecombustorandnozzlecombina-
tionandanyotherswithrespectothrustpotentialbasedonpressure
availableattheconibustorentrance.Theanalysispresentedinappen-
dixB showsthatwitha chokingexitthecombustor-forceco fficientis
independentof environmentalconditionsatanyspecifiedcombustor
entranceMachnumber.Thecombustor-forceco fficientfora cotiustor
withan exitnozzlewitha contractiona dexpansionratioof1.17and
varioushypotheticalinternal-dragvaluesfromlq to 6qis shownin
figure2. (Thenotationforinternaldragisexplainedas follows:The
pressure-losscoefficientk representsthestagnation-pressuredrop
HI - Hla
referencedto thedynamicpressure,suchas k = Theinternal-q“
dragvalueskq,then,whichareequivalenttothestagnation-pressure
drop,arerepresentednumericallyhereinintermsof thedynamicpres-
sure,suchas lq,2q,andsoforth.)Itisapparenthatthelowestdrag
configurationwill.producethehighestcombustor-force–coefficientfor
a specifiedentranceMachnumber.Thevariationsof Ml,whenfree-
stresmconditionsarefixed,issynonymoustoa fuel-air-ratiochange.
Therealsignificanceof thecotiustor-forceco fficientist~t it . ~.
directlyratesanyoneconibustorwithanother,thehighestvalue
naturallybeingforthewit thatCm produc?moret@st whencon-.
sideredina ramjetofeqpaldiffuserecoveryandunitsize.
.— .-
For .
example,considertheuseofa combustorwitha diffuse-rthatdelivers
10,000poundspersquarefootoftotalpressurefor Ml = 0.20 at
specifiedflightconditions.~ thiscase,thelq combustorshownin
figure2 wouldproducea Jetforceof9510poundsforeverysqparefoot
of combustion-chamberarea,whereasthe6qunitwoulddeliveronly
8320poundsof jetforcepersquarefoot.
Inorderto realizethehigherJetforceinthecitedexample,
however,a correspondinglyhighervalueof
be required.Undertheseconditions,when
notnecessarilythemaximumavailable,the
willdictatethemaximumjetthrust.
Infigure3 theeffectofvaryingthe
airspecificimpulsewould
thediffuserecoveryis
msximumairspecificimpulse
geomet~of theexitnozzle
is illustratedfora lq combustor.Exitnozzleshavingthelargest
contractionratio,andthereforethesmallesthroats,producethe
lowestvaluesof ~. Theuseof a smallthroatmaybe desirablewhere
,
.
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fuelecono~becomesa majorfactor.tisucha case,thethroatsffie
wouldbe deteminedby theexpsnaionratiorequired.to keepnozzle
lossestoa minimum.
Theeffectofa nonexpandingetit(sonicflowattheexit)would
showthesamegeneraltrendsas in figures2 and3,butwithlower
valuesof CC throughout.T%isisas shouldbe expected,sincean
increaseinmomentumtillresultwhentheexitflowis expendedtoa
lowerpressure.Thisgainin jetforceis expressedas a nozzlefactor
whichisdescribedinappendixA.
CORRELNIIONF COMBUSTORDATA
An engineeringanalysisisvaluableonlywhengoodagreementcan
be obtainedwithexperimentaldata. Valuesof theconibustor-force
coefficientarepresentedforsevendifferentcoti~tors.Theseinclude
combustorsthatuseflameholdersof threedifferenttypes- gutter
type,“donut.”type,andcantype. Sketchesofthevariouscombustor
configurationsarepresentedinfigure4. Somegeneralinformation
theseconfigurationsispresentedintableI. Connecteduct,free-
jet,andfree-flightram-jetdataforthedifferentcombustorconfigura-
tionsarepresentedin figures5 to Il. Inthesedatathejetforce
waseithera directmeasurementorwascomputedfromforcemeasurements
withthepropertareconditionsconsidered.Cotiustorinternalpressures
weremeasuredvaluesfromwhichMachnumberandmass-flowconditions
weredetermined.Thejetforcesoobtainedwasdividedby theproduct
ofthetotal.pressureat conbustorentranceandthecombustorcross-
sectionalarea,gitigvaluesof theconibustor-forcecoefficient,Cc.
Thesevaluesof Cc wereplottedagainstheconibustorentranceMch
nw.iberMl.
h orderto classifYtheccmibustorsforeachcase,computedcurves
of Cc at constantdragconditionsforeachparticularcombustorgeometry
aresuperimposedon thetestdata. Therefore,by merelyexaminingthe
curves,it cembe seenthatthetestdatawillactualJyclassifythe
combustoras to itsapparentdragcharacteristics;thatis,2q orkq,
andso forth.Inconsideringfigure5 (conimstorA),thetestpoints
fallonthe 4q dragcurveovertherangeof inletMachnumberstested,
whiletheconibustor-forcecoefficientvariedfromO.@ to0.73. These
dataareforfree-jetMachnunibersof1.84,1.90,emd2.06anda range
~ from830°F to 960°F absoluteanda rangeof f/afromO.009of T
to 0.078. Similar comparisonsaremadewiththeotherconitmstordata
—
l presented.
Thedatafora 9.6-inch-diameterconibustor
. burner(conibustorB) arepresentedin figure6.
witha modifiedonut
Thisburnerwasofa
similartypeusedincombustorA, excepthattwoconcentricrowsof
donutflameholderswereemployedhavingapproximatelyequaltotalgeo-
U-—
metricblockedareaas combustorA.
--
Vaporethylenefuelwasusedand
injectedat thefirstflameholder.A nonexpandingexitnozzlewitha l
contractionratioof1.25wasused. Itshouldbenotedthatneither
—
effectsof free-jetMachnumbernorstagnationtemperatureareevident.
Itisof interest.onotethat,althoughcombustorsA andB arenot
identical,fQures5 and6 indicatethattheirdragand CC conditions
areeqyal.
Figure7 presentsdatafora donutburnerina 6.5-inch-dismeter
unit(combustorC)withtwodifferentnozzles.Thisparticularburner
hadthesamepercentageof internalblockedareaandalsoemployedthe
samecombustor-chamberlengthas conibustorsA andB but.wasevalmted
withan expandingexit. Itisof interestonote,however,thatthe
apparentdragof conibustorC is somewhatlowerthancombustorsA orB.
Thismightbe attributedto therelativelylongerlengthbetweenthe
flameholderfarthestdownstreamandtheexit,resultingintheimmersed
flameholdersbeingina lowervelocityregion.Thesedataarefor
free-jetMachnumbersof1.U, 2.06,and2.21at sea-levelconditions.
Again,itcambenotedthatfree-jet~ and T~ hadno effecton
thedragor conibustor-forcecoefficientovertherangeof Ml shown.
Flightdataforsimilarunitsreportedinreferences2 and3 arealso
presentedforcomparison.Thesedatarepresentedfreenstreamliach
numbersfrom1.9to3.1andanaltituderangefromnearsealevelto
67,000feet.Figure7(b)alsoshowsdatafor I@ = 2 fromreference4.
Free-jetdataona 16-inch-diameterconibustorreportedinrefer-
ence5 arepresentedinfigure8 (combustorD). Theburnerwasof the
corrugated-guttertypewithfuelinjection17inchesupstreamof the
flameholder.Thesedataarerepresentedfor M = 1.32 and M = 1.73
witha w-inchconibustion-chamberlengthanda nonexpandingexit-nozzle
ofarearatio1.35.Themaximumvalueof Cc indicatedis0.70tith
a combustordragof 8q. Thishighdragloss_isprobab_~largelydue
to theplug-treenozzleandsupportstrutasseniblyutilizedonthis ‘-
configuration.Becauseofthehighinternal-dragconditionsprevailing,
thecombustor-forceco fficientdecreasesrapidlywithincreasedentrance
MachnumberMl.
—
—-— —
.
.
Figure9 presentsdatafora can-typeburnerina 16-inch-diameter
combustorreportedinreferences6 and7 (combustorE). Theseda%
representtwoexit-nozzleconfigurationsatboth MO = 1.8 and ~ = 2.0.
Theevaluationanddragclassificationofthiscombusto_rwitha straight-
pipeexitispresentedinfigure9(a).Theconibustor-forcecoefficient
witha convergent-divergentnozzle(A4/A3= 104)iS sho~ infigure9(b)”
Againthesedataindicatethatthefree-str~Wch numberisan inde-
pendentparameter;however,someapparentchangeindraglossisindicated
8
.
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m whena nozzlewitha contractionratioisemployed.l?his factis evident
whenfigures9(a)and9(b)arecompared.Theconstant-areanozzleshows
an over-alldragbetweenlqand20 while CC variedconsiderablywith
. Ml. b thecasewherea nozzlewitha contractiona dexpansionratio
of1.4wastested,Cc remainedpracticallyconstant,whereasthedrag
variedfrom2q to 3qat thehighestfuel-airatios.
Figure10presentsdataobtainedinducttests(ref.8)andfree-
jettestsoftwocotiustorsutilizingmagnesium-JP-3slurryfuel(com-
bustorsF andG). Thefree-jetdataarefor M = 2.06. Thesepartic-
ularburners(modifiedvane-gutterflameholderandcanme) were
incorporatedina ctiustor-shellconfigurationsimilarto thatof
combustorC (fig.4) withtwoeqandingexits(A4/A3= 1.17and
A4/A3= 1.28).ForcombustorF, reducingtheexitmerelyreducedthe
CC available,whereastheover-alldragconditionremainednearlycon-
stant(approx.2* at highvaluesof f/a or thelowestvaluesof Ml).
Thiseffectwaspreviouslypredictedanalyticallybyfigure3. Again,
it isevidentfromfigure10 thatthecotiustor-forceco fficientis
practicallya linearvariationwithinternal&chnuniberMl.
Dataforthecsn-typeburnerwereavailableonlyovera smallrange
of valuesof Ml for AJA3 of 1.28(cotiustorG). It is interesting
to notethatthisunithasnearlyidenticaldragcharacteristicsand
combustor-forceco fficientsforthelimitedrangeof Ml testedas
cofiustorF. Tmaddition,whencomparedtoa similartypeofburner
. (conibustorE, fig.9(b]),it canbe notedthatbothcombustorshave
aboutthesameinternaldragconditions2& , at equivalentMl.
>
Theexperimentaleffectsof cotiustorexit-nozzlesizeon jetforce
areshowninfigure11 forcombustorA. Previously,figure5 indicated
thatthisconibustorwith A4/A3= 1.25 couldbe classifiedas a &qUnit.
Theadditiondatainfigurel.1indicatethatan increaseor decreaseof
approximately9 percentin exit-nozzlearearatio(nonexpsndingt~e)
hasa markedeffecton theover-alldragcharacteristicsof thecoxibustor.
Theexit-nozzlearearatiosof 1.15and1.37indi~te~and 35 com-
bustors,respectively.Theincreasein CcwithIncreasednozzle-throat
areawaspredictedby thepreviouslypresentedanalyticaldiscussion;
however,thedifferenceexpectedwasnotsolargebecauseof thechange
inapparentdragwithdifferentexit-nozzlesizes.
Experimentaldatafromtestson combustorsof differentsizes,
fueltypes,andflsme-holderconfigurationsallshowedgoodcorrelation
l
withthisparameter.Testexperienceon thesecombustorsindicatethat
hottestsat onel.kchnuniberandstagnationtemperatureis sufficient
. to evaluatethecombustor-forceco fficientonanyunit. Thiseliminates
10
thenecessityforextensivetestingprograms
performanceovera widerangeof conditions.
inorderto
NACARML53E21
determine *
—
Theexperimentaldatapresentedshowthattheexitforcevaries .
almostline-ulywithcotius-tirentrancepressure.Thus,a measurement
of thispressureshouldbe easytouseas a thrustmeter.References9
and10discusschemesofram-jetcontrolsutilizingsuchan engine-
pressuremeasurement.
USEOF CCANDSa
Sincetheconibustor-forcecoefficientrelatesthejetforceto
theinternalpressureandtheairspecificimpulseSa isa measure
of thejetimpulseavailabledueto combustion,eachparametercsmbe
usedindependentlyinan expressionforram-sethrustandthrust
coefficient.
By consideringtheair-specific-impulseparameter,equation(7),
andsubstitutingintoequation(4),an expressionforthethrustis
obtained.
F = SaWa- A4P0- 7oPo~2~ (8)
BY di.vidingbothsidesby @l, an expressionforthethrustcoeffi-
cientmaybe obtained.AftersimplifyingandreducingtoMachnumber
terminology,
(9)
.
.
.—
Ey substitutingequation(7)intoeqyation(4),anotherexpression
forthethrustis obtainedwhichconsiderstheconibustor-forcecoefficient
F= CCH~A~- A4P0- 70p0~2~ (lo)
.
.
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Changingthistoan expressionforthrustcoefficientin termsofMach
.
numberandcompressionratioyields
.
2
[
()Hl 4—cc-—PO Al
Y&2
(n)
Theequationsmaybe usedto computethrustandthrustcoefficients
oframjetsfromexperimentalor estimatedvaluesof CC, H1/PO,and
Sa. Inmakinga performancemapofa remjet(wherethevariationof
thrustisdeterminedovera rangeofMachnunibersforvariousvalues
of Sa anddiffuserecovezy)equations(9)and(U.)areideallysuited
forrapidcomputation.Equations(8)and(10)arsusefulforobtaining
valuesOf Sa and Cc fromexperimentaldata.
It shouldbenotedthattheJetforce G isdependentupontwo
setsof conditionsas setforthin equations(5)and(7). Thus,
G = SaWa= CcHIAl
Fromthisrelationshipt canbe concludedthat,fora givenram
. jetunderspecifiedconditions,thejetthrustwillbelimitedby either
theairspecificimpulseortotalpressureat theconibustorentrance.
Iftheairspecificimpulselimitsthejetthrust,thetotalpressure
l
at theconibustorentranceH1 willautomaticallyconformto satis~
theeqwtion. Similarly,ifthetotal-pressurerecoverylimitsthejet
thrust,theneitherSa will.be lessthanmaxim.unor thediffuserwill
automaticallyspin enoughairsothat Wa willbe reduceduntilthe
productSaWa willequalthejetthrustproduced.
IndesigningramJets,properselectionof theratioof free-stream
tubeareato conibustorareaisnecessaryinmatchingdiffuserh com-
bustorcharacteristics.At thedesignlhchnumber,theengineshould
be designedtooperateatmaximumtotal-pressurerecove~andmaximum
heatrelease.h orderto detemninetheproperarearatioforconditions
ofmaximumrecoveryandmaximumSa,equations(7)and(7)arecombined.
SaWa=“CCHIA1 (=)
12”
or
NACARML5j5E21
.
‘ap&=ccE,A1(13) _ -
Thus,
(14)
Ithasbeenshownthat Cc usual~variesslightlywithcombustor-
entrancehch numberMl. SinceMl varieswitharearatiofora given
pressurerecovery,thearearatiomaynotbe determineddirectly;however,
sincethechangein CC with Ml im slight,@A1 canbedetermined
inoneor tworeiterations.Examinationfequation(14)showsthat,in
ordertoutilizean increaseintotal-pressurerecoveryor conibustor-
forcecoefficient,a correspondingincreasein Ao isrequired;whereas
a decreasein ~ willbe requiredtoaccommodatean increasein Sa.
CONCLUDINGREMARKS
.
A studyof theexperimentaldatapresentedindicatesconsistent
agreementbetweentheengineeringmethodof combustorevaluationand
classificationandtheexperimentaldata.
~–
Thiscomparisonhasbeen __ _ _
doneby mesm ofevaluatingsevencompletelydifferentandindependent
configurations.Inasmuch“asthecombustor-forceco fficientrelates
thejetforceto theinternaltotalpressure,itratesthethrust
potentialofthecombustorintermsof theavailablepressure.One-
dimensionalnalysispresentedindicatesthat,whenchokingexistsat
theexit,thecombustor-forceco fficientshouldbe independentof
-.
environmentalconditionsexceptforsecond-ordercombustor-entrance
Machnumbereffects.
Somedefinitetrendsthatresultedfromexperimentaldatapresented
arethefollowing:
1.Thefree-streamWch numbervariationfrom1.35to3.1showsno
effecton combustor-forceco fficient.
2.Free-streamstagnationtemperaturevariationfrom500°F to
1200°F absoluteshowedno determinableeffectson combustor-force
coefficient. —
:
,-
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3. Thevariationofnozzlethroatsizehada directeffecton
.
conibustor-forcecoefficient.Inaddition,smallchangesinapparent
draglosswereindicatedas thenozzlesizewaschanged.
.
k. Fortheexperimentaltestsevaluated,combustor-forceco ffi-
cientdecreasedas theconibustor-entranceMachnumberincreased.In
many‘cases,however,thevariationof combustor-forceco fficientwith
conibustor-entranceMachnumberwasveryslight.
Testexperienceon theseconibustorsindicatesthathottestsat
oneMachnumberandstagnationtemperaturewillevaluateanyunit,
eliminatingthenecessityforextensivetestingprograms.Thegood
experimentalcorrelationshownindicatesthata thrustmeteror con-
trollingdevicebaseduponconibustor-entrancepressuremeasurement
wouldbe a workabledevice.
Theuseof theconibustor-forcecoefficientandtheairspecific
impulseparameterleadsto simpleram-jethrust-coefficientrelation-
ships,whichallowsforqyicksolutions.Theproblemof ram-jetsizing
is simplifiedby theuseofan expressionusingthecombustor-force
coefficientandairspecificimpuSse.Thisexpressionallowsforquick
solutionof theproperr--jetfree-streamtubearea ~ fora partic-
ularcombustorconsidered.
LangleyAeronauticalLaborato~,
NationalAdvisoryCommitteeforAeronautics,
.
LangleyField,Vs.,I&y27,19530
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APPENDIXA
DERIVATIONOFAIRSPECIFIC!IMPULSE,
Ey definition(ref.1) theairspecific.~pulse
ratiobetweentheexit
flOW Wa. Expressing
resultsinan eqpation
foranyfuelburnedin
nozzle.TheJetforce
or
TheMachnumber
rewritten
G*
since sa*=~J
a
G
inthe
mmentumor jetexitforceG
Ss,
isdefinedasthe
andtheairmass
Sa intermsof stagnationtemperatureand 7
thatallowsa theoreticalcalculationf Sa*
airwhenthermalchokingtakesphce intheexit
isdefined
= L)PA@+PA=PAVg~+~ pvg
~+g
G = (Wa+ Wf)_
g
exitissonic;thus,equation(16)canbe
7gRT+ gRT
G* = (Wa+ Wf) m
g
(15)
(16)
(17)
(18)
.-
.
.
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Simplifyinggives
Since T = ~ (for M= l),
Y
15
(19)
( )/2(7•I-l)RTssa*= 1+: Yg (20)
Eqyation(20)showsthatthetheoreticalSa* canbe obtainedfor
anyconibustiblefu l-airmixtureprovidedtheratioof specificheats,
thegasconstant,andthestagnationtemperatureareknownforthe
productsof combustioncorrespondingtoa givenfuel-airatio.
Since Sa* isa measureoftheram-jetexitimpulse,theimpulse
efficiencycanbe simplyexpressedas
S*aact
vi= *Sa theo
(21)
at theequivalentvaluesof f/a and Ts.
Generally,theran-jetcombustoremploysan expandingexitnozzle.
Therefore,an increasein thrustisrealizedueto expandingtheflow
toa lowerpressure.Inordertoexpresstheairspecificimpulseat
thenozzleexit,a nozzlecorrectionfactor@(M) isrequired.Thus,
theexit Sa iS
Sa=Sa*@(M) (22),
16
Thisnozzlefactorcan
constantandno losses
@(M)= -
be
or
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determinedfromstations3 to4 by assuming7
separationeffects(ref.11).
1+7 23%
-i In
Where ~ isfoundfromthecontinui~equation
YX+l
(23)
(24)
2(75-1)()73-1A4 ~ 1+ 2 ~2—=—A3 M4 1+%
Figure12presentsthevariationof Sa* againstf/a fora
typicalhydrocarbonfuelburnedinairat free-streamstagnationternera-
3)turefrom7’000F absoluteto1000°F absolute.me nozzlefactor M
ispresentedinfigure13as a functionofarearatiofor 7 = 1.4 and
7 = 1.3.
.
—
—
,
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APPENDIXB
. ANALYTICALDE’I!ERMIXATIONOFCOMBUSTOR-FORCXCOEFFICIENT, cc
Theanalysis,considersa combustorof constantcross-sectionalarea
(fig.1)WithSOIM formofan exitrestriction.Theterm“combustor”is
consideredto consistof threecomponents- burner,shell.,andexit
nozzle.Theburnercomponentis consideredmadeup of thefuel-injection
andflsme-holdersystems.
Fortheanalysisofthisconstant-areacotiustor,chokingisassumed
to existintheconibustorexitnozzle.Thecombustordragconsistsof
thepressurelossesdueto frictionandseparation.It isassumedthat
allof thelossesnotassociatedwithheatadditiontakeplacebefore
thecombustionprocess.No specialaccountistakenof theeffectsof
fuelinjectionon themassflowandgasvelocitythroughthecombustion
zoneandtheaerodynamicefficiencyof theexitnozzle;however,these
lossesareincludedaspressurelossesbasedon entrancedynamicpres-
suresandaredefinitelyevaluatedwhenhot-testdataareemployed.
Theratioof specificheatsis consideredequaltothatforstandard
airup to theconibustionzone. h theconibustionzone, 7 is considered
equalto 1.X. Ifdesired,othervaluesof 7 canbe usedforthe
cotiustionzone;however,whenexperimentalvaluesarecomparedto
computedvalueswhere 7 = 1.3 wasassumed,goodcorrelationexists.
Combustorsareclassifiedas totheirdragcharacteristicsntermsof
. total-pressurelossesreferencedto theentrancedynamicpressure;that
is,2q,bq,andsoforth.
.
Thesmalysisismadeintwosteps- an independentexpressionfor
frictionlossesandan expressionforthechangeinmomentumdueto
heataddition.Inthefirststep,allof thepressurelossesdueto
frictionsadseparationaretakenbetweenstations1 andla (fig.1),
withno changeinmassconsidered.~ assumingthecondition
Hh = (Hl- kql) (25)
where q representsthedynamicpressureat station1 andk isthe
pressurelosscoefficient.An expressionforthestagnationpressure
ratio K as a functionofMachnumberand 7 isdeveloped.
‘fi5=’-k[%(26)
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Equation(26)ispresentedgraphicallyinfigure14 fordifferent
amountsofpressurelossexpressedin q againstcoribustion-chamber
entrancehch numberMl.
TheMachnumberoftheflowat theentrancetothecombustionzone
Mla,however,differsfromtheMachnuriberat theinletMl becauseof
thepressurelossesexperiencedby theflow.Once ql and K are
knownata particularMl,thenewlkchnumberM= isobtainedby
one-dimensionalflowanalysis.Figure15presentsa graphicalsolution
forthe Mb fora rangeofdynamicpressuredrops.
Inthesecondstepoftheanalysis,a momentumbalancebetween
stationslasmd2 fora constant-areachannelcanbe =itten (friction
a~eadyhavingbeenaccountedfor)
Since
then
Thus,
Pla + Pkv1a2 = P2 +’P2V22
P + PV2=P(l+ 7M2)
Pla(l+ 7kMla2)=P2(1+ 7*2)
‘la 1 + 72%2
—=
P2 1 + 71a~2
(27)
(28)
(29)
(30)
.
.
.
.
Thetotal-pressureratioduetoheatadditiancanbe foundby
employingthefollowingtautolo~
52
%2 Ej- P2
—= —.
‘la ‘la‘la
~
—
(30 —
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By substitutingequation(~) andtherelationship
7
H
(
7 -1
)
T
–= l+— M?P 2
intoeqpation(31), thetotalpressurebeco~s
72
\
Forpurposesof simplicity,let
&( 7 -1l+— )M?-2f(M)=
l+yl?
Then
H2 f(~)
—=
‘la f(Mla)
19
(32)
(33)
(*)
(35)
Afterconsideringotherlossesexclusiveof thoseduetoheataddition
H2 f(~)
—’KmHI (36)
Equation(36)thusexpressesthepressureratioina constant-area
channelduetopressureandsepartionlossesandtheidealheat-addition
=
processintermsofMch number.
—
Forpurposesof simplicity,it isassumedthatno total-pressure
*
lossesoccurthroughtheexitnozzle;thatis, H2= Q. ItshcnUdbe
notedthatsuchlossesthatdo occurarechargedto combustor-friction
losses.Consideringtheconditionsat station4, thejetforceG can
bewrittenas
G= )P4A4(1+ 74M42 (37)
BY solvingequation(32)for P andsubstitutingintoequation(37),
thejetforcebecomes
-( 74-1 )74-11+ TM42
Simplifyingwitheqyation(34)
‘4%
G =—
f(M4)
or,sinceE2 = H4
.4%
‘=aiiJ
(38)
BY solvingeqyation(36)for ~ endsubstitutingin equation(39),
thejetforcebecomes
mlA4f(M2)
G= .- (@)
f(Mla)f(M4)
.
.
(39)
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By dividingG by thetotalpressureandareaat station1,a non-
dimensionalcoefficientresultswhichis calledthecombustor-force
coefficient,Cc.
G A4 f(~)
cc =—=K—
HIA1 Al f(M~)f(@ (41)
Formostcases
maybe writtenas
A4 = ~ = Al (asinfig.1);thus,equation(41)
f(M2)
cc =K
f(M1a)f(~)
(42)
Anotherspecialcaseto consideristhatofa constant-areanozzle
andcombustor,A1=~=A3=A4. Undersuchconditionseqyation(41)
simplifiesto
cc = K
f(M~)
. becausef(~) and f(~) areequal.
As an aidforquicksolutionsto equations(41),(42),and(43),
l thefunctionsK, A2/A39A4/A3]f(M) inthesubsonicase,and f(M)
inthesupersoniccasearepresentedagainstMachnuniberinfigures14
(43)
to 17.
Exampleof theUseofCharts
Theuseof theappropriatefunctionspresentedin figures
to computea combustor-forceco fficientcanbe shownwiththe
sampleproblem:
Determinethecombustor-forceco fficientfora combustor
followingqualifications:
Ml = 0.20
72 = y3 = 74 = 1.3
14 to17
following
withthe
22
71= 7& = 1.4
NACARM L53E21
kqburner
Solution:
mown quantities Figureused Find
Ml = 0.20;dragloss= kql 14 K = 0.881
Ml = 0.20;dragloss= 4Q 15 Mla= 0.233
A2/A3= 1.2;72 = 1.3 16(a) ~ = 0.593
A4/A3= 1.2;74= 1.3 16(b) Ml+= 1.515
M- = 0.233;71a= 1.4 17(a) f(Mla)= 0.961
~= 0.593;72=1.3 17(a) f(~) = 0.858
4=1.515; 74 =1.3 lT(b) f(~) = 0.902
KnowingK, .f(M1a),f(~),and f(~),useequation(42)to find
theconibustor-forcecoefficient
C(-j= 0.881XO.858=0.872(answer)‘
0.961XO.902
.
l
—
.
.
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COMBUST3RANDBURNERDATA
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Nol
—
A
B
c
D
E
F
G
Type
Donut
Modifiedonut
Donut
Corrugatedguttez
can
Vanegutter
can
Maximum
blockage,
percent
24.7
25.6
25.0
54.0
133.0
(open)
46.o
120.o
(open)
Maximum
burner
diameter,
in.
6.00
7.00
4.00
16.00
14.38
5.00
6.00
—
Shell
inside
liameter,
in.
9.65
9.65
6.50
16.0
16.0
6.5
6.5
Fuel
Ethylene
Ethylene
Ethylene
Gasoline
Propylene
oxide
Magnesium
slurry
Magnesium
slurry
leferenc(
-------
-------
2) 374
5
6, ~
8
---.---
.
.
.
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I
t
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I
I
o
I
1
I
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II I
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Figure l.-Sketchofram-jetconfigurationusedinanalysis.
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Figure2.-Variationfcmbuatcm-forceoefficientcc fi~ Ml at
differentinterndalragcondftionaandanexpanlhwexitnozzle,
A4/A5= 1.17.
%!
. ., ,
. ,
*
, ,
cc
1.0
1
A~A3
I
.9
-
1.28
. — —
-.
1
- .
1.39 ~
1.63
.
~
1.68
w
.
l 14 .16 .18 .20 l22
%
Figure~.-Theeffectofexpandingexitnozzlealzeson
coefficientCc ina kq,conbustor.
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Figure5.-
A
CombustorA. Nonexpandingexit,~fA3 = 1.25;multiflsmeholder.
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,
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Figure7.- CombustorC. Expandingexit,multiflsmeholder.
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Figure9.- C’&bustorE showing
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